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Introduction
The work described in this thesis was accomplished to assess the opportunity of producing
a new method to evaluate the Mean Absorbed Dose (MAD) in mammographic procedures
based on dosimetric measurements and mathematical calculations.
According to the World Health Organization (WHO), breast cancer is the most common
cancer in women both in industrialized and developing countries. It aﬀects 1 in 8 women
in their lifetime, and represents 29% of all cancers related to the female population. The
Associazione Italiana di Oncologia Medica (AIOM) data conﬁrm this trend, estimating
that in 2015 in Italy about 48,000 new cases of breast cancers were diagnosed. As for the
frequency of deaths caused by cancer, the breast is ranked ﬁrst for women, accounting for
16% of cancer deaths. On the basis of these data it is of fundamental importance to both
do an early diagnosis and submit the patients suﬀering from this pathology to periodic
checks, in order to oﬀer appropriate treatments with the goal of reducing mortality.
Mammography is a non invasive procedure which represents the reference imaging tech-
nique to explore the breast in a complete way. For this reason, it is widely employed in the
regional screening programs in order to diagnose breast cancer at an early stage, signiﬁ-
cantly increasing the healing probability. The Tuscany region has followed the indications
of the Ministry of Health, approving a resolution that extends the mammographic screen-
ing age range by 10 years. More speciﬁcally, the age range will change from 50  69 years
to 45  74 years starting in 2017.
In the mammographic screening program healthy people are exposed to ionizing radiation.
Furthermore, the breast is a signiﬁcant radiosensitive organ. For these reasons, special
care must be required in the evaluation of the absorbed dose and it is necessary to take
appropriate radiation protection measures to reduce the risk of a radioinduced cancer.
The basic safety standards for exposure to ionizing radiation have been revised in the new
European Directive 59/2013/EURATOM, which must be implemented within February
2018. It requests an appropriate dose index referred to patient exposure inserted in the
radiological report for each radiological procedures. Consequently, personal absorbed dose
assessment is of particular importance in view of the growing concern of women who un-
dergo mammography screening, regarding the possible radiation damage. The possibility
of providing a reliable dose index can be useful to give a correct measure of the risk and
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to maintain high adherence to screening programs.
The aim of the project is to realize and to validate a new method for calculating the Mean
Absorbed Dose (MAD) by the patient during a mammography procedure. The innovative
aspect of this work regards the availability of a quantitative and personalized dosimetric
parameter, providing an index that is patient-speciﬁc rather related to the X-ray machine
output. The dosimetric index currently employed in mammography is the Mean Glandular
Dose (MGD) evaluated according to Dance's method. It is based on Monte Carlo simu-
lation and the dose is obtained by applying some empirical factors to the measured air
kerma. Besides, this index is based on a generalized method and it is not patient speciﬁc.
For these reasons, the current approach is probably not appropriate, especially in view of
the implementation of the new European Directive.
Chapter 1
State of the art
Mammography represents the reference imaging technique to explore the breast in a com-
plete way. The strengths of mammographic imaging are essentially its non-invasive nature
and its high sensitivity. These properties are fundamental for the early breast cancer di-
agnosis.
The purpose of this chapter is to introduce the important innovations provided by the new
European Directive 59/2013/EURATOM. In addition the principal characteristics of the
mammographic device and the dosimetric quantities are described.
1.1 European Directive 59/2013/EURATOM
The basic standards for exposure to ionizing radiation safety have been updated recently
with the publication of the new European Directive 59/2013/EURATOM [1], which must
be implemented within February 2018. In addition to strengthening the basic principles
of radiation protection (optimization, justiﬁcation and use of dose limits), the new direc-
tive focuses on the issue of doses control delivered during radiological procedures. In this
context, the Medical Physics Expert (MPE) has to act or give specialist advice, as appro-
priate, on matters relating to radiation physics (Art. 83.1) and so he takes responsibility
for dosimetry, including physical measurements for evaluation of the dose delivered to the
patient and other individuals subject to medical exposure (Art. 83.2).
Moreover, the Directive recommends collaboration between the physicist, the referring
physician and the radiographer to create a multidisciplinary team dedicated to the op-
timization of radiological procedures. It is important and necessary that the patient is
provided with adequate information relating to the beneﬁts and risks associated with the
radiation dose from the medical exposure (Art. 57.d).
The most important and innovative request of the directive is that information relating to
patient exposure forms part of the report of the medical radiological procedure (Art. 58.b).
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In order to fulﬁll this last requirement, it is essential to have a dosimetric index directly
related to the risk of radiation. This dose index must be evaluated for each patient, on
an individual basis. In particular, monitoring dose in the mammographic procedures is of
fundamental importance since we are investigating an extremely radiosensitive organ. The
weight factor for breast tissue increased from 0.05 to 0.12 in the new directive, following
the ICRP recommendations [2]. More: a large part of the population undergoes mammog-
raphy for screening, thus being potentially healthy. The control and limitation of the dose
is therefore mandatory.
The strict guidelines contained in the new European Directive 2013/59/EURATOM give
challenging targets to all stakeholders in terms of justiﬁcation and optimization. Law-
makers are interested in monitoring and reducing radiation doses, and they require that
detailed information related to patient's exposure is included in every report of the radio-
logical procedure.
Thus the possibility to have a patient speciﬁc dose index, easily valuable, must be taken
into consideration.
1.2 General aspects of mammography
Mammography is the radiographic procedure optimized for the breast examination. It
uses ionizing radiation to produce a mammogram, a 2D projection of the breast. A typical
mammographic examination consists of two views of each breast, Cranial Caudal (CC) and
Medio Lateral Oblique (MLO), an example of which is shown in Fig. 1.1.
The Fig. 1.2 shows linear attenuation coeﬃcients versus X-ray energy measured on sam-
ples of three types of material found in the breast: adipose tissue, normal ﬁbroglandular
breast tissue and inﬁltrating ductal carcinoma (one type of breast tumor). The attenuation
coeﬃcients and their diﬀerence decrease with increasing energy, meaning the breast tissues
intrinsically lack of contrast. Thus the use of low energy X-ray spectra, which emphasize
the composition diﬀerences of the breast tissues, is required.
The imaging system must have suﬃcient spatial resolution to delineate the edges of ﬁne
structures in the breast. Structural details, possibly as ﬁne as 50 μm, must be adequately
resolved.
The mammography unit consists of an X-ray tube and a digital detector mounted on oppo-
site sides of a mechanical, rotating assembly (Fig. 1.3). The system's geometry is arranged
as in Fig. 1.4(a): a vertical line from the focal spot of the X-ray source grazes the chest
wall of the patient and intersects orthogonally the edge of the image receptor closest to
the patient. If the X-ray beam was centered over the breast as in Fig. 1.4(b), some tissues
near the chest wall would not be imaged.
The X-ray tube employs a rotating anode design in which electrons from the cathode strike
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Figure 1.1: A medio lateral oblique mammogram. In this mammogram, characteristic
benign calciﬁcations can be seen [3].
the anode target material at a small angle from normal incidence. The radiation leaving
the X-ray tube passes through a metallic spectral shaping ﬁlter, a beam deﬁning aperture
and a plastic plate, which compresses the breast on to the support platform. Those X-rays
transmitted through the breast and breast support are incident on a specially designed
antiscatter grid, and then on the digital detector, where they deposit locally most of their
energy.
The compressor causes the various breast tissues to be spread out, minimizing superposi-
tion from diﬀerent planes and thereby improving the conspicuity of structures. Moreover
the scattered radiation will degrade contrast in the mammogram and the use of compres-
sion decreases the ratio of scattered to directly transmitted radiation reaching the digital
detector. The compressed breast provides lower overall attenuation to the incident X-ray
beam, allowing the radiation dose to be reduced.
Digital mammography units are equipped with an Automatic Exposure Control (AEC)
with the purpose of achieve a target Signal to Noise Ratio (SNR) in the image. The sen-
sors measure the X-ray ﬂuency transmitted through both the breast and the image receptor
and provide a signal to discontinue the exposure when a preset amount of radiation has
been received by the digital detector. Many mammography AEC systems also incorporate
automatic control of the tube voltage or target/ﬁlter/tube voltage combination. These sys-
tems sense the compressed breast thickness and the transmitted exposure rate and employ
an algorithm to choose automatically the X-ray target and/or beam ﬁlter as well as the
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Figure 1.2: Dependence of the linear X-ray attenuation coeﬃcient µ (cm−1) of various
tissues on the X ray energy [3].
tube voltage. Typically, a short (usually <100 ms) X-ray pre-exposure is made ﬁrst. The
recorded X-ray signal and the breast thickness measured from the compression plate are
used to infer the composition of the breast and determine the optimal exposure conditions.
The X-ray spectrum provides energies that give an appropriate compromise between radi-
ation dose and image quality. The spectral shape is controlled by the adjustment of the
tube voltage, choice of the target material and type and thickness of the metallic ﬁlter
placed between the X-ray tube and the breast. Molybdenum (Mo), tungsten (W) and
rhodium (Rh) anode target are available on most mammographic equipment due to the
optimum characteristic X-rays energy (Tab. 1.1). Metallic ﬁlters are used to provide selec-
Z Kα Kβ
Mo 42 17.4 keV 19.6 keV
Rh 45 20.1 keV 22.7 keV
W 74 58.7 keV 67.2 keV
Table 1.1: Characteristic X-ray energy for Molybdenum, Rhodium and Tungsten anodes
used in mammography.
tive removal of low X-ray energies from the beam before it is incident upon the patient. In
principle, a ﬁlter material can be selected to position the K edge and ﬁlter cut-oﬀ at any
desired energy. A molybdenum anode is commonly employed with a molybdenum ﬁlter
that is 3035 μm thick. This ﬁlter acts as an energy window providing greater attenuation
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Figure 1.3: Schematic of a mammography imaging system: the X-ray tube and the image
receptor are mounted on opposite sides of a mechanical assembly. Because the breast must
be imaged from diﬀerent aspects, the assembly can be rotated about a horizontal axis [3].
of X-rays both at low energies and above the K absorption edge at 20 keV (Fig. 1.5(a)).
Although molybdenum spectra are relatively well suited for imaging a breast of average
attenuation, slightly higher energies are desirable for imaging thick, dense breasts. The
molybdenum target spectrum is so heavily inﬂuenced by the characteristic X-rays and an
increase in the tube voltage alone does not substantially change the shape of the spectrum.
The average energy of the beam can be increased, however, by employing ﬁlters of higher
atomic number than molybdenum. For example, rhodium has a K absorption edge at 23
keV, providing strong attenuation both for X-rays above this energy and for those at sub-
stantially lower energies. Used with a molybdenum anode and slightly increased kV p, it
provides a spectrum with increased penetration (reduced dose) compared with the Mo/Mo
combination (Fig. 1.5(b)). Further improvement in imaging performance can be obtained
using other target materials in combination with appropriate K edge ﬁlters. One example
is the use of an X-ray tube that incorporates a rhodium target. A 2535 μm thick rhodium
ﬁlter is used with this target material. Fig. 1.5(c) illustrates the spectrum produced with
a Rh target and a Rh ﬁlter. Similarly, K edge ﬁltration of tungsten spectra can be used
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Figure 1.4: System geometry for image acquisition showing (a) correct alignment and (b)
missed tissue associated with incorrect alignment [3].
to advantage in that the lack of pronounced K characteristic peaks provides ﬂexibility in
spectral shaping with ﬁlters, as illustrated in Fig. 1.5(d). Typically, ﬁlters composed of
aluminum, rhodium or silver are used to shape the tungsten spectrum.
1.3 Dosimetric quantities
Uncharged ionizing radiations (i.e. photons and neutrons) lose their energy in large range
interactions, rather than charged particles, which typically undergo many small collisions,
losing their kinetic energy gradually. At the relatively low photon energies used for radi-
ological procedures many of the interactions are by the photoelectric eﬀect and Compton
scattering.
Consider a monoenergetic parallel beam consisting of a very large number N0 of uncharged
particles incident perpendicularly on a ﬂat plate of material of thickness L. In this ideal case
each particle either is completely absorbed in a single interaction, producing no secondary
radiation, or passes straight through the entire plate unchanged in energy or direction.
The number of particles NL that comes out from the plate is obtained by the exponential
attenuation law:
NL = N0 · e−µ·x (1.1)
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Figure 1.5: Examples of mammographic X-ray spectra for diﬀerent anode/ﬁlter combina-
tions [3].
where µ (cm−1) is the linear attenuation coeﬃcient which express the probability that a
particle interacts in a unit thickness of material crossed.
Linear attenuation coeﬃcients give information about crossing of primary photons through
the material. Real beams of photons interact with matter by process that may generate
either charged or uncharged secondary radiations. For dosimetric purposes it is important
to know the energy that photons transfer as kinetic energy to the secondary charged par-
ticles. The linear energy transfer coeﬃcients µtr (cm
−1) allow calculation of this energy.
µtr can be put in relation with µ taking into account that not all the energy lost by the
photons is transformed into kinetic energy of the secondary electrons.
Some of the energy transferred to the secondary charged particles is lost to radiative pro-
cesses in the material, mainly bremsstrahlung. To take account of this, we use the mass
energy absorption coeﬃcient µen (cm
−1), given by:
µen = µtr · (1− g) (1.2)
where g is the energy fraction lost to radiative processes. For the energies used in diagnostic
radiology, g may be taken as zero.
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It is useful to introduce some quantities that describe the macroscopic interaction of the
indirectly ionizing radiation ﬁeld with matter.
The kerma (Kinetic Energy Released in Matter) represents the energy transferred in the
form of kinetic energy received by charged particles (electrons and positrons) in a speciﬁed
ﬁnite mass m, regardless of where or how they in turn spend that energy:
k =
dεtr
dm
(1.3)
and can be expressed in units of J
Kg
= Gy. k can be subdivided into two parts according
to whether the kinetic energy of charged particles is spent nearby in creating excitation
and ioniziation or is carried away by photons:
k = kc + kr (1.4)
where kc = k · (1 − g) represents collision interactions and kr = k · g represents radiative
interactions.
The Mean Absorbed Dose MAD can be deﬁned as the energy imparted by ionizing radi-
ation to matter of mass m in a ﬁnite volume V :
D =
dεen
dm
(1.5)
and can be expressed in units of J
Kg
= Gy. MAD represents the energy per unit mass
which remains in the matter to produce any eﬀects attributable to the radiation and is
deposited by the resulting secondary charged particles.
The concept of Charged Particle Equilibrium (CPE) is useful in radiological physics as
a means of relating certain basic quantities. The CPE conditions are satisﬁed when in
a volume V each charged particles of a given type and energy leaving V is replaced by
an identical particle of the same energy entering. This condition is realized with good
approximation if the primary radiation is constituted by photons at energies lower than
150 keV. In CPE condition the radiative kerma kr is negligible (g = 0). In addition the
collision kerma kc is equal to the absorbed dose at that point:
MAD
CPE
= kc (1.6)
That is, CPE allows the equating of the absorbed dose MAD to the collision kerma kc.
Another important dosimetric relation is introduced, the usefulness of which will be ap-
parent later. LetMADA be the absorbed dose in a medium A. The absorbed doseMADB
in a medium B irradiated by the same radiation ﬁeld can be determined if in A and B the
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CPE conditions are satisﬁed:
MADB
CPE
= MADA
(
µen
ρ
)
B(
µen
ρ
)
A
(1.7)
where
(
µen
ρ
)
A,B
are the mass energy absorption coeﬃcients expressed in units of cm
2
g
. The
practical utility of Eq. 1.7 derives from the possibility of knowing the absorbed dose in a
medium of interest, such as water or biological tissue, from a measurement of the absorbed
dose in another medium such as air. In Fig. 1.6 is shown the ratio of mass energy absorption
coeﬃcients for muscle and water relative to air. For energy values lower than 100 keV this
value is less than 10%.
Figure 1.6: The ratio of mass energy absorption coeﬃcients for muscle and water relative
to air [12].
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Chapter 2
Material and methods
2.1 Mean Glandular Dose (MGD)
The mean dose to the glandular tissue of the breast, known as the Mean Glandular Dose
(MGD), is the primary quantity of interest related to the risk of radiation induced cancer.
The MGD has been adopted as reference dose index in mammography in the European
guidelines [4, 5, 6]. MGD is routinely evaluated in the quality assurance programs of the
mammographic device.
According to the method of Dance et al. [7, 8, 9, 10] the MGD is calculated by using
tabulated factors obtained by Monte Carlo radiation transport calculations, which convert
from incident air kerma1 (ka,i) to absorbed dose in a breast of speciﬁc composition and size
according to equation:
MGD = ka,i · g · c · s (2.1)
where ka,i (mGy) is the incident air kerma at the upper surface of the breast, measured
without backscattering; g is the conversion factor from ka,i to MGD for a standard breast of
50% glandularity; c corrects for any diﬀerence in breast composition from 50% glandularity.
The factors g and c depend on the beam quality used to image the breast and are tabulated
as a function of the Half Value Layer (HVL). The s factor corrects for any diﬀerence due
to the use of a X-ray spectrum diﬀerent from Mo/Mo.
Data in Tab. 2.1 give g factors for breast of 2-11 cm thickness, 50% glandularity and
Mo/Mo anode/ﬁlter combination. These factors increase with the HVL of the X-ray spectra
and decrease with the thickness of the breast.
In order to obtain the MGD, it is necessary to know the glandularity of each breast.
1Incident air kerma (ka,i) is the air kerma measured free-in air on the central axis of the X-ray beam at
a speciﬁed distance d from the focus or at the point where it enters the patient (Focus to Skin Distance,
FSD). This quantity does not include backscattered radiation.
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Table 2.1: g factors (mGy/mGy) for breast thickness of 2-11 cm and the HVL range
0.30-0.60 mm Al [5].
This quantity is not directly measurable, therefore in Dance's method they give a typical
glandularity for breasts of diﬀerent sizes based on a surveys edited by the National Health
Service Breast Screening Programme (NHSBSP) in United Kingdom. The estimates of
the average breast composition for diﬀerent thicknesses are used to give the c factors that
correct for the glandularity of the breast. These values are shown in Tab. 2.2 and Tab.
2.3 for woman in the range 40 to 49 years and in the range 50 to 64 years. c varies in
the range 0.885− 1.306, meaning a variation from −15% to +31% compared to the breast
whose glandularity is 50% (c = 1).
The s factor considers the diﬀerent anode/ﬁlter combination used and Tab. 2.4 gives the
values obtained with Monte Carlo simulation. In the recent supplements to the EUREF
(European Reference Organization for Quality Assured Breast Screening and Diagnostic
Services) Protocol [6, 15] s factor for tungsten/silver (W/Ag) combination was added. It
is equal to 1.042.
The Dance's method is widely used in the dosimetry and quality assurance protocols. The
introduction of conversion factors provides a simple approach to dose surveys. It is possible
to calculate MGD for each exposure and for single patient once measures of incident air
kerma ka,i, HVL of the spectrum, anode/ﬁlter combination and thickness of the compressed
breast are available.
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Table 2.2: c factors for average breasts for woman in age group 40 to 49 years [5].
Table 2.3: c factors for average breasts for woman in age group 50 to 64 years [5].
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Table 2.4: s factors for clinically used spectra [5].
2.2 Mean Absorbed Dose (MAD)
The absorbed dose in mammography depends mainly on the quality of the beam and the
breast thickness. It is very diﬃcult or impossible to measure directly the average dose for
every single breast examination. The most simple and direct measurement to be made is
that of the incident air kerma ka,i at a point corresponding to the entrance surface of the
breast (FSD, Focus to Skin Distance).
Following the mathematical deﬁnition, the Mean Absorbed Dose (MAD) in a breast volume
during a mammography can be expressed by:
MAD (kV p, mAs, d, α) =
´ d
0
ka,i(kV p, mAs, δ, α) · e−µen(kV p, α) xdx
d
=
=
ka,i(kV p, mAs, δ, α)
µen(kV p, α) · d (1− e
−µen(kV p, α) d) (2.2)
where kV p and mAs are the exposure parameters set to the tube, d is the total thickness
of the target volume positioned on the support and α is the anode/ﬁlter combination.
ka,i(kV p, mAs, δ, α) is the incident air kerma on the entrance surface of the breast where
δ is the focus to entrance surface distance (also called FSD) and µen is the energy absorption
coeﬃcient depending on the proportionality between the kinetic energy of the secondary
electrons deposited in the target volume and the energy of the incident photons (see section
1.3). It is noted that d and δ are related by the relation:
FID = d+ δ (2.3)
where FID is the Focus to Image Distance, a ﬁxed distance in the mammographic devices
(Fig. 2.1(b)).
Once the examination is performed, the values of kV p, mAs, α and d are supplied by the
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mammographic equipment.
The variables to be known in order to evaluate the absorbed dose with the Eq. 2.2 are
ka,i(kV p, mAs, δ, α) and µen(kV p, α) which can be determined with experimental mea-
surements. Thus ﬁrstly a characterization of the X-ray beams used in each mammography
is needed in order to associate to each exposure a ka,i value as a function of kV p, mAs,
δ and α without having to measure it directly each time. In a second step an assess-
ment of the attenuation coeﬃcient is required varying the kV p values and the anode/ﬁlter
combination (Mo/Mo, Mo/Rh, Rh/Rh, W/Rh, W/Ag).
2.3 Beams characterization: evaluation of ka,i
As reported by NCRP Report n. 147 [11], the incident air kerma on the central axis of the
X-ray beam at a speciﬁed distance δ from the focus can be expressed by:
ka,i(kV p, mAs, δ, α) =
[
a · (kV p)2 + b · (kV p) + c
]
·mAs ·
(
β
δ
)2
(2.4)
where a, b and c are the parameters that deﬁne the quadratic relationship between kerma
and kV p which depend on the tube yield and β is the distance from the focus of the source
to the detection point (Fig. 2.1(a)). In the Eq. 2.4 the
(
β
δ
)2
factor takes into account the
correction to the distance according to the inverse-square law. The relation between ka,i
and mAs is linear.
In order to determine ka,i the knowledge of the parameters a, b and c for each anode/ﬁlter
combination is needed. A set of experimental measurements was done in order to char-
acterize the X-ray beams by using the mammographic scanners available at the S.D.O.
Senologia Radiologica of the Azienda Ospedaliero-Universitaria Pisana (AOUP). These
devices cover the whole range of possible anode/ﬁlter combination today used in mam-
mography, namely: Mo/Mo, Mo/Rh, Rh/Rh, W/Rh, W/Ag.
The detector used was a solid state multimeter Barracuda that, once irradiated with the
primary beam, provided as the output the value of kV p, mA, exposure time (ms) and ka,i
(mGy). The incident air kerma ka,i was measured with the detector below the compression
paddle to correctly include the scattered radiation. It was placed on a line extending from
the tube focus to a point on the mid-line of the breast support table, 6 cm from the chest
wall edge as shown in Fig. 2.1(a) and Fig. 2.2.
Repeated measurements of ka,i(kV p, mAs, δ, α) varying the kV p value were performed
keeping ﬁxed the value of mAs. These measurements allowed to build the curve described
by the Eq. 2.4. The set of measurements was repeated for each anode/ﬁlter combination
using the parameters reported in Tab. 2.5.
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(a) (b)
Figure 2.1: Mammographic system geometry: FID is the Focus to Image Distance, a ﬁxed
distance in the mammographic devices. In Fig. 2.1(a) β represents the distance from the
focus of the source to the detection point. In Fig. 2.1(b) δ is the focus to entrance surface
distance and d is the total thickness of the breast positioned on the support.
The measurements done were ﬁtted to the equation:
y =
ka,i(kV p, mAs, δ, α)
mAs
= a · (kV p)2 + b · (kV p) + c (2.5)
where y (mGy/mAs) is the tube yield, directly measured, and a, b and c are the curve
parameters that must be identiﬁed for each anode/ﬁlter combination.
Each measurement of ka,i(kV p, mAs, δ, α) in Tab. 2.5 was repeated three times and
the average value was considered. The repeatability error was expressed as the relative
standard deviation. The accuracy of ka,i was reported by the manufacture to be 5%. mAs
was considered as value with no error. Each measurement of kV p was repeated three times
and the average value and the standard deviation were considered.
The parameters a, b and c were obtained by ﬁtting the experimental measurements to
Eq. 2.5. The least squares ﬁt method was employed to ﬁnd the values with a boundary
conﬁdence of 95%.
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Figure 2.2: Position of dosimeter to estimate incident air kerma ka,i for dose estimation,
top view and front view. It was placed on a line extending from the tube focus to a point
on the mid-line of the breast support table, 6 cm from the chest wall edge.
2.4 Exponential attenuation: evaluation of µen
The energy absorption coeﬃcient µen(kV p, α) in a material can be evaluated for all an-
ode/ﬁlter combinations from the law of exponential attenuation:
I(x) = I0 · e−µen·x (2.6)
where x is the thickness of the material (water in our case), I0 is the incident beam intensity
and I is the attenuated beam intensity.
A set of experimental measurements was carried out in order to assess the curves described
by Eq. 2.6 varying the kV p value for each anode/ﬁlter combination. These measurements
were performed in solid equivalent water phantoms of 5.5 cm placing previously calibrated
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Anode/filter mAs kV p
Mo/Mo 20 24 - 25 - 26 - 27 - 28 - 29 - 30 - 31 - 32
Mo/Rh 20 24 - 25 - 26 - 27 - 28 - 29 - 30 - 31 - 32 - 33 - 34 - 35 - 36
Rh/Rh 20 25 - 26 - 27 - 28 - 29 - 30 - 31 - 32 - 33 - 34 - 35 - 36
W/Rh 40 25 - 26 - 27 - 28 - 29 - 30 - 31 - 32 - 33 - 34
W/Ag 40 24 - 25 - 26 - 27 - 28 - 29 - 30 - 31 - 32 - 33 - 34
Table 2.5: Tube voltage values kV p for each anode/ﬁlter combination set for the beams
characterization. Tube current-exposure time productmAs was kept constant at each ﬁxed
value.
TLD (GR-100 LiF: Mg, Ti) at various depth.
2.4.1 TLD calibration
GR-100 LiF: Mg,Ti are one kind of TLDs which can be used in radiology applications.
They have suitable features such as good sensitivity, small size and tissue equivalence.
A set of repeated measurements was performed for each anode/ﬁlter combination in order
to obtain a calibration factor m that allows to convert the TLDs reading values GU in
incident air kerma ka,i according to the equation:
ka,i(kV p, mAs, δ, α) = m ·GU (2.7)
ka,i(kV p, mAs, δ, α) was measured by using a solid state detector.
For the calibration measurements the parameters shown in Tab. 2.6 were used. As shown
Anode/filter mAs kV p
Mo/Mo 20 22 - 23 - 24 - 25 - 26 - 27 - 28 - 29 - 30 - 31 - 32
Mo/Rh 20 25 - 26 - 27 - 28 - 29 - 30 - 31 - 32 - 33 - 34 - 35 - 36
Rh/Rh 20 25 - 26 - 27 - 28 - 29 - 30 - 31 - 32 - 33 - 34 - 35 - 36
W/Rh 40 25 - 26 - 27 - 28 - 29 - 30 - 32 - 33 - 34
W/Ag 40 24 - 26 - 28 - 29 - 30 - 31 - 32 - 33 - 34
Table 2.6: Tube voltage values for each anode/ﬁlter combination set for the TLDs calibra-
tion. Tube current-exposure time product mAs was ﬁxed.
in Fig. 2.3, the TLDs were positioned on a thin slab above the device support so as to be
exactly at the same distance β from the focus compared to the solid state detector (see Fig.
2.1(a)). For each measurement the mean value and the standard deviation of four TLDs
were considered. The m parameters were obtained for each anode/ﬁlter combination as
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Figure 2.3: Experimental setup for the TLDs calibration: four diﬀerent dosimeters were
placed each time at the center of the area irradiated by the beam. A thin thickness of
about 7 mm was put under the TLDs for matching their position with the detection point
of the solid state detector.
result of the process of curve ﬁtting to Eq. 2.7. The least squares ﬁt method was employed
to ﬁnd the values with a boundary conﬁdence of 95%.
2.4.2 Energy absorption coeﬃcient in water density soft tissue
Solid equivalent water phantoms of 5.5 cm thickness were employed in order to assess the
energy absorption coeﬃcient µen to know how the dose is absorbed and distributed within
the breast. Absorbed dose measurements were done by placing four TLDs to the same
radiation ﬁeld (Fig. 2.4) below the gradually increasing thicknesses, up to the maximum
thickness of 5.5 cm. Repeated measurements varying the kV p value were performed for
each anode/ﬁlter combination as shown in Tab. 2.7 in order to evaluate a possible depen-
dence of the energy absorption coeﬃcient µen from kV p.
The energy absorption coeﬃcient µen, I and I0 were obtained for each anode/ﬁlter combi-
nation by ﬁtting the measurements to Eq. 2.6. The least squares ﬁt method was employed
to ﬁnd the values with a boundary conﬁdence of 95%.
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Figure 2.4: Experimental setup of water equivalent phantoms and TLDs: four diﬀerent
dosimeters were placed each time at the center of the area irradiated by the beam. At
each irradiation the thickness over the TLDs was increased, up to the maximum thickness
of 5.5 cm.
Anode/filter Thickness (cm) kV p
Mo/Mo 0 - 0.5 - 1 - 1.5 - 2 - 3 - 4 - 5.5 22 - 24 - 26 - 28 - 30
Mo/Rh 0 - 0.5 - 1 - 1.5 - 2 - 3 - 4 - 5.5 24 - 26 - 28 - 30 - 32
Rh/Rh 0 - 0.5 - 1 - 1.5 - 2 - 3 - 4 - 5.5 26 - 28 - 30 - 32 - 34
W/Rh 0 - 0.5 - 1 - 1.5 - 2 - 3 - 4 - 5.5 26 - 28 - 30 - 32 - 34
W/Ag 0 - 0.5 - 1 - 1.5 - 2 - 3 - 4 - 5.5 26 - 28 - 30 - 32 - 34
Table 2.7: Thickness and kV p values for each anode/ﬁlter combination set for absorbed
dose measurements with solid equivalent water phantoms.
Chapter 3
Results
The value of the parameters needed for the MAD evaluation (Eq. 2.2) are reported in this
chapter.
3.1 Beams characterization: evaluation of ka,i
As ﬁrst step the well-known linear relationship between ka,i and mAs was proved as shown
in Fig. 3.1 for Mo/Mo, Mo/Rh, Rh/Rh and W/Rh anode/ﬁlter combinations and for
ﬁve diﬀerent kV p values. The reported uncertainty of ka,i is 5% (solid state detector plus
multimeter uncertainty). The repeatibility of the kerma measurements (based on three
measurements for each value of mAs) is < 1% (standard deviation).
The results of the measurements described in section 2.3 are shown in Fig. 3.2 and Tab.
3.1. Each measurement of ka,i(kV p, mAs, δ, α) was repeated three times and the average
value was considered. The reported accuracy is 5% (solid state detector plus multimeter
uncertainty). The repeatibility of the kerma measurements (based on three measurements
for each value of mAs) is < 1% (standard deviation).
The kV p accuracy is the standard deviation of three measurements (< 1%).
The result of the ﬁtting of the experimental data to Eq. 2.5 conﬁrms the quadratic trend
of the yield as a function of kV p for each anode/ﬁlter combination. a, b and c values shown
in Tab. 3.1 allow to estimate the incident air kerma ka,i for any breast thickness d, mAs
and kV p values (Eq. 2.5).
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(a) (b)
(c) (d)
Figure 3.1: Linear relationship between ka,i and mAs for ﬁve diﬀerent kV p values for
Mo/Mo (a), Mo/Rh (b), Rh/Rh (c) and W/Rh (d) anode/ﬁlter combinations. The equa-
tion used for the curve ﬁtting process was: ka,i = a ·mAs where a
(
mGy
mAs
)
is the propor-
tionality coeﬃcient.
Figure 3.2: Tube yield y
(
mGy
mAs
)
for ﬁve diﬀerent anode/ﬁlter combination: Mo/Mo,
Mo/Rh, Rh/Rh, W/Ag and W/Rh as a function of kV p. The uncertainty of ka,i is given
by the manufacturer of the solid state detector used (5%).
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Anode/filter a
(
mGy
mAs·kV p2
)
b
(
mGy
mAs·kV p
)
c
(
mGy
mAs
)
R2
Mo/Mo (0.56±0.03)·10−5 (0.86±0.04)·10−2 (-0.154±0.008) 1
Mo/Rh (0.186±0.009)·10−3 (-0.46±0.02)·10−2 (0.35±0.02)·10−1 1
Rh/Rh (0.116±0.006)·10−3 (-0.65±0.03)·10−3 (-0.165±0.008)·10−1 1
W/Rh (0.27±0.01)·10−4 (0.90±0.05)·10−3 (-0.20±0.01)·10−1 1
W/Ag (1.00±0.05)·10−5 (0.34±0.02)·10−2 (-0.60±0.03)·10−1 1
Table 3.1: a, b and c obtained as result of the curve ﬁtting to Eq. 2.5. The regression
coeﬃcients R2 state the goodness of the ﬁt.
3.2 TLD calibration
The TLD calibration factors m (Eq. 2.7) are reported in Tab. 3.2. The linear relationship
between GU and ka,i is shown in Fig. 3.3. The reported uncertainty was considered to
be 5% (solid state detector plus multimeter uncertainty). The repeatibility of the kerma
measurements (based on three measurements for each value ofmAs) is< 1%. Four diﬀerent
dosimeters were placed each time at the center of the area irradiated by the beam. The
mean value and the standard deviation were considered.
By using the coeﬃcients reported in Tab. 3.2, the TLD reading (GU) can be converted in
kerma (Eq. 2.7).
Figure 3.3: Results of TLDs calibration: incident air kerma ka,i (mGy) as a function of
TLDs reading values in GU. The errorbars represent the instrumental accuracy (5%). The
uncertainty of GU values was considered as the standard deviation of four measurements.
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Anode/filter m
(
mGy
mAs
)
R2
Mo/Mo (0.39±0.02) ·10−2 0.99
Mo/Rh (0.36±0.02) ·10−2 1
Rh/Rh (0.38±0.02) ·10−2 0.99
W/Rh (0.292±0.008) ·10−2 1
W/Ag (0.279±0.006) ·10−2 1
Table 3.2: m obtained as result of the curve ﬁtting process to Eq. 2.5. The regression
coeﬃcients R2 state the goodness of the ﬁt.
3.3 Energy absorption coeﬃcient in soft tissue
The results of the measurements with solid water equivalent phantoms described in section
2.4.2 are shown in Fig. 3.4 for Mo/Mo (a), Mo/Rh (b), Rh/Rh (c), W/Rh (d) and W/Ag
(e). The parameters obtained by the curve ﬁtting (Eq. 2.6) are shown in Tab. 3.3. Four
diﬀerent dosimeters were placed each time at various depth in a solid water phantom. The
average value and the standard deviation were considered.
The experimental data conﬁrm the exponential trend of the beam intensity as a function
of the phantom thickness (Eq. 2.6) for each anode/ﬁlter combination. The energy absorp-
tion coeﬃcients µen vary slightly with kV p. The average value of the energy absorption
coeﬃcients µ¯en for each anode/ﬁlter combination was considered, as shown in Tab. 3.4.
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(a) (b)
(c) (d)
(e)
Figure 3.4: Exponential attenuation curves for Mo/Mo (a), Mo/Rh (b), Rh/Rh (c), W/Rh
(d), W/Ag (e) anode/ﬁlter combinations at various values of kV p.
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Mo/Mo
kV p 22 24 26 28 30
mAs 100 80 80 80 63
I0 (mGy) (5.6±0.3) (5.8±0.4) (7.8±0.7) (10.6±0.6) (10.3±0.4)
µen (cm
−1) (1.1±0.1) (0.8±0.1) (0.8±0.1) (0.86±0.09) (0.83±0.07)
R2 1.00 1.00 0.99 0.99 1.00
Mo/Rh
kV p 24 26 28 30 32
mAs 100 80 80 71 71
I0 (mGy) (5.1±0.3) (7.0±0.3) (7.1±0.7) (7.7±0.5) (9.6±0.7)
µen (cm
−1) (0.8±0.1) (0.78±0.07) (0.75±0.07) (0.7±0.1) (0.7±0.1)
R2 1.00 1.00 1.00 0.99 0.99
Rh/Rh
kV p 26 28 30 32 34
mAs 100 80 71 71 71
I0 (mGy) (6.9±0.2) (7.4±0.3) (8.1±0.5) (10.0±0.6) (11.7±0.5)
µen (cm
−1) (0.74±0.05) (0.72±0.05) (0.69±0.09) (0.66±0.04) (0.63±0.06)
R2 1.00 1.00 0.99 1.00 1.00
W/Rh
kV p 26 28 30 32 34
mAs 120 120 95 80 80
I0 (mGy) (3.5±0.1) (4.3±0.2) (3.84±0.07) (4.0±0.2) (4.4±0.2)
µen (cm
−1) (0.65±0.05) (0.70±0.06) (0.64±0.02) (0.66±0.06) (0.64±0.05)
R2 1.00 1.00 1.00 1.00 1.00
W/Ag
kV p 26 28 30 32 34
mAs 120 120 95 80 80
I0 (mGy) (3.9±0.1) (5.1±0.1) (4.9±0.1) (4.7±0.1) (5.4±0.1)
µen (cm
−1) (0.65±0.04) (0.62±0.03) (0.57±0.03) (0.55±0.02) (0.56±0.02)
R2 1.00 1.00 1.00 1.00 1.00
Table 3.3: The parameters I0 (mGy) and µen for each anode/ﬁlter combination at various
values of kV p (Eq. 2.6). The regression coeﬃcients R2 state the goodness of the ﬁt.
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Anode/filter µ¯en(cm
−1)
Mo/Mo (0.88±0.08)
Mo/Rh (0.7±0.1)
Rh/Rh (0.69±0.06)
W/Rh (0.66±0.05)
W/Ag (0.59±0.03)
Table 3.4: Energy absorption coeﬃcients µen obtained as average value of absorption co-
eﬃcient at diﬀerent kV p values for each anode/ﬁlter combination.
3.4 Comparison between MGD and MAD
Once evaluated the a, b, c values and the energy absorption coeﬃcients µen for each an-
ode/ﬁlter combination, the MAD can be calculated according to Eq. 2.2.
15 diﬀerent mammograms were selected by the PACS in order to compare MGD calculated
by the Dance's method (Eq. 2.1) with MAD calculated by Eq. 2.2. The most used three
kV p values were chosen for each anode/ﬁlter combination. For each kV p value the most
frequent thickness was considered.
The results are shown in Fig. 3.5 and Tab. 3.5.
Figure 3.5: Comparison between the dose calculated with Dance's method (MGD, Eq. 2.1)
and MAD (Eq. 2.2). The uncertainty of MGD is an underestimation of the real error since
only the s and the ka,i errors were considered.
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α d (cm) mAs kV p MGD (mGy) MAD (mGy)
1 Mo/Mo 2 32 25 (0.78±0.06) (1.0±0.4)
2 Mo/Mo 2.4 18 27 (0.49±0.04) (0.7±0.2)
3 Mo/Mo 3 36 26 (0.74±0.06) (1.0±0.3)
4 Mo/Rh 3 43 26 (0.63±0.03) (0.8±0.2)
5 Mo/Rh 4 50 27 (0.73±0.04) (0.9±0.3)
6 Mo/Rh 4 54 28 (0.89±0.05) (1.1±0.3)
7 Rh/Rh 5 48 28 (0.82±0.04) (0.9±0.2)
8 Rh/Rh 5 58 29 (1.15±0.06) (1.2±0.2)
9 Rh/Rh 6 73 29 (1.33±0.07) (1.3±0.2)
10 Rh/Rh 6 63 30 (1.29±0.07) (1.2±0.2)
11 Rh/Rh 7 75 30 (1.40±0.08) (1.3±0.2)
12 W/Rh 4.5 70 28 (0.67±0.03) (0.7±0.1)
13 W/Rh 5 96 29 (1.01±0.05) (0.9±0.2)
14 W/Rh 5.5 101 30 (1.11±0.06) (1.0±0.2)
15 W/Ag 7 115 30 (2.1±0.1) (1.7±0.4)
Table 3.5: Comparison between the dose calculated with Dance's method (MGD, Eq. 2.1)
and the method described by Eq. 2.2 (MAD).
Note that the uncertainty of MGD is an underestimation of the real error since only the s
and the ka,i errors were considered. It was not possible to know the uncertainty of c and
g.
Despite this error underestimation in MGD, the two methods provide results that are
consistent.
Chapter 4
Discussion and conclusions
The Mean Absorbed Dose (MAD), deﬁned as the mean value of energy imparted per unit
mass in a considered volume of interest, represents a suitable physical quantity to evaluate
the patient exposure in a mammography procedure as reported in Eq. 2.2. This method
requires in input the values of kV p, mAs, thickness of the breast d and anode/ﬁlter com-
bination α.
X-ray beams were characterized in order to associate to each exposure a ka,i without having
to measure it each time. Later the changes in the absorbed dose by varying the thickness
were evaluated using solid water equivalent phantoms. The results shown in Ch. 3 were
implemented in a spreadsheet for the automatic calculation of the MAD. An example is
shown in Fig. 4.1.
Figure 4.1: The spreadsheet in which was implemented the MAD formula with experimen-
tal results obtained in Ch. 3.
The experimental measurements were made on the mammographic devices of the Azienda
Ospedaliero-Universitaria Pisana (AOUP). However, this method can be applied to any
other device as long as it is shown that the tube yield is within the error range.
It should be noted that the TLDs used for dose measurements were calibrated in air with
the solid state detector while the dose absorbed measurements were made with water equiv-
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alent phantoms. Although this is a limit of the experimental method the error introduced
is less than 2%. This can be seen from Eq. 1.7 according to which the absorbed dose
in water can be determined starting from the dose in air, taking into account the ratio
between the mass energy absorption coeﬃcients. This ratio is less than 2% for the energy
range of interest in mammography (25-35 kV p) as shown in Fig.1.6.
The Dance's method (section 2.1) is the gold standard in the quality assurance programs.
It requires each time to measure ka,i and the HVL of the beam at a precise value of kV p.
This procedure is suitable for the quality assurance program, when a dedicated detector
is used for the measurements. This procedure cannot be easily used on a routinely basis
to evaluate MGD for each patient, what is need if the dose index must be inserted in the
radiological report. In this case, in fact, ka,i and HVL cannot be directly measured.
A comparison between MGD calculated by the Dance's method (Eq. 2.1) and MAD (Eq.
2.2) was done. The uncertainty of MGD is an underestimation of the real error since only
the s and the ka,i errors were considered. Despite this error underestimation the two meth-
ods provide results that are consistent.
A comparison with the mammography data output was done for the 15 mammograms
previously selected. The absorbed dose is indicated by the device as OrganDose and the
results are shown in Tab. 4.1. Although we do not know how the OrganDose is calcu-
lated (not any uncertainty data of this parameter is given), a discrepancy with the values
of MAD and MGD is evident.
The MAD method does not account in any way of the breast glandularity, contrary to what
is done in the Dance's method. Glandular breast is a diﬃcult factor to assess and it is not
directly measurable. As seen in section 2.1, in Dance's method they give a typical glandu-
larity for breasts of diﬀerent sizes based on a survey in United Kingdom. The estimates
of average breast composition for diﬀerent thicknesses are used to give the c factors that
correct for the glandularity of the breast diﬀerent from 50%. These values are available
for woman in the range 40 to 49 years and in the range 50 to 64 years. The limit of this
method is that there are no data on glandularity for women younger than 40 years or older
than 69 years. More only the breast thickness and the patient age are taken into account
and this is probably questionable. The breast glandularity values evaluated according to
the Dance's method are shown in Tab. 4.1. These data are compared to that given by one
of the mammographic equipment used (Tab. 4.1) from a short X-ray pre-exposure of the
breast.
The values are very diﬀerent from each other. While the Dance's method is based only on
the patient age and on the breast thickness, the value provided by mammography machine
is derived from a density measurement.
In conclusion, the MAD is a reproducible, easily valuable dose index to evaluate the ra-
diation dose absorbed by the patient during a mammography procedure. It can be taken
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α MGD MAD Organ Gland. Gland.
(mGy) (mGy) Dose (mGy) (Dance, %) (Device, %)
1 Mo/Mo (0.78±0.06) (1.0±0.4) 0.79 100 100
2 Mo/Mo (0.49±0.04) (0.7±0.2) 0.83 91 67
3 Mo/Mo (0.74±0.06) (1.0±0.3) 0.51 72 33
4 Mo/Rh (0.63±0.03) (0.8±0.2) 0.82 72 73
5 Mo/Rh (0.73±0.04) (0.9±0.3) 0.98 65 55
6 Mo/Rh (0.89±0.05) (1.1±0.3) 1.17 50 62
7 Rh/Rh (0.82±0.04) (0.9±0.2) 1.13 33 16
8 Rh/Rh (1.15±0.06) (1.2±0.2) 1.25 33 64
9 Rh/Rh (1.33±0.07) (1.3±0.2) 1.56 35 36
10 Rh/Rh (1.29±0.07) (1.2±0.2) 1.58 21 57
11 Rh/Rh (1.40±0.08) (1.3±0.2) 1.39 12 39
12 W/Rh (0.67±0.03) (0.7±0.1) 0.85 - -
13 W/Rh (1.01±0.05) (0.9±0.2) 1.25 - -
14 W/Rh (1.11±0.06) (1.0±0.2) 1.39 - -
15 W/Ag (2.1±0.1) (1.7±0.4) 1.90 - -
Table 4.1: Comparison between the dose calculated with Dance's method (MGD, Eq. 2.1),
the method described by Eq. 2.2 (MAD), and the OrganDose values (mGy) provided by
mammographic equipment. In the last two columns the glandularity values assessed with
Dance's method and by the device are shown.
into consideration to be inserted in the radiological report, as required by the European
Directive 59/2013/EURATOM [1].
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